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In order to gain insight into requirements for template activation and commitment in mammalian transcription, TATA site
occupancy was measured in native SV40 viral transcription complexes that were in the process of transcription elongation
at the time of cell lysis. This was accomplished by quantifying resistance to restriction enzyme digestion of transcription
complexes in nuclear lysate. The rate of cleavage at the TATA site of the late gene in the native complex was slower than
that of a bare DNA control, both for wild-type virus and for a virus containing a TATA consensus sequence. These results
suggest that the TATA site in the transcription elongation complex in vivo is occupied with transcription factor TBP/TFIID.
When considered in light of previous work, these findings support a model in which transcription activation involves
reinitiation from a promoter that contains both activator and TFIID bound in a stable complex. © 2001 Academic PressKey Words: transcription; SV40; chromatin; TFIID; minichromosome; gene expression; regulation; transcription factor;
activation; commitment.
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iINTRODUCTION
Recent research efforts have identified hundreds of
protein factors involved in control of eukaryotic transcrip-
tion (see Latchman, 1998, for a recent review), and there
are doubtless many more yet to be discovered. However,
little is known about the mechanistic details of the con-
tributions that these factors make to the various stages
of transcription. Considerable study has been devoted to
gene activation and subsequent stability of transcription,
and one proposal which has emerged from this work is
that a factor can increase transcription by stimulating the
reinitiation process (recently reviewed in Hahn, 1998).
Thus it is thought that the initial assembly of a preinitia-
tion complex is a relatively slow process, and a tran-
scriptional activator may cause this slow step to be
bypassed in favor of a facilitated reinitiation step (Hawley
and Roeder, 1987; Yean and Gralla, 1997; White et al.,
1992). The biochemical basis for this commitment of a
DNA template to repeated rounds of transcription has
been proposed to be the stable binding of Tata Box
Binding Protein [TBP, a subunit of Transcription Factor
IID (TFIID)] to the TATA site in the promoter. This is based
on the finding in a mammalian in vitro system that TBP/
TFIID remains bound to the TATA site even after RNA
polymerase II proceeds into the elongation state, and
template with TBP/TFIID already bound is preferred over
template without TBP/TFIID for subsequent initiations
(Zawel et al., 1995; Van Dyke et al., 1989, 1988). However,
n opposite result has been observed in a Drosophila in(1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 313-876-3415. E-mail: llutter@cmb.biosci.wayne.edu.
119itro system, leading to the proposal that the transcrip-
ion complex is disassembled and reassembled with
ach round of transcription (Kadonaga, 1990). An in vivo
tudy in mammalian cells indicates that transcription
equires the continued presence of activator (Ho et al.,
996). However, it remains unclear from that study if
epeated initiation involves complete disassembly and
eassembly of the initiation complex, or if it occurs on a
reassembled complex, such as one containing TFIID,
hat bypasses a slow initial assembly process. Results
rom an in vivo study in yeast have led to the proposal
hat TFIID is not bound in a separate stable complex, but
ather is recruited to the template in concert with RNA
olymerase II holoenzyme (Kuras and Struhl, 1999).
These varying views of template activation and com-
itment may derive from the numerous differences in
xperimental systems and approaches used. For exam-
le, while the initial in vitro biochemical studies em-
loyed mammalian components, transcription was per-
ormed on bare DNA templates. However, it is known
hat the proper substrate form of DNA in vivo is chroma-
in. Subsequent studies have attempted to address this
roblem by analyzing transcription in vitro from reconsti-
uted chromatin templates, but the question remains
hether chromatin that is assembled by any system
ther than the natural replication-based process in vivo
an accurately reflect regulation of transcription in vivo
Smith and Hager, 1997). An additional difficulty arises
hen attempting to apply conclusions from one species
o another, since, for example, yeast chromatin structure
s known to differ significantly from that of mammals
Gross et al., 1986; Lutter, 1989).
To address some of these uncertainties, we investi-
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120 KULAEVA AND LUTTERgated an aspect of the template commitment question by
analyzing TATA occupancy in the SV40 viral transcription
complex. The footprinting approach we employ charac-
terizes factor occupancy in the native chromatin tran-
scription elongation complex containing RNA polymer-
ase II that was initiated in vivo. The analysis indicates
that the TATA site is occupied in the SV40 elongation
omplex. This is consistent with the proposal that TBP/
FIID remains bound to the promoter following promoter
learance in mammalian cells and can therefore serve
s a template commitment factor for subsequent reini-
iations.
RESULTS
he SV40 viral transcription complex system
Past studies in our laboratory (Drabik et al., 1997;
adara et al., 1996; Eadara and Lutter, 1996; Lutter et al.,
992; Hadlock and Lutter, 1990; Lutter, 1989; Hadlock et
l., 1987; Petryniak and Lutter, 1987) have characterized
he SV40 minichromosome to gain insight into the struc-
ural features of the mammalian transcription complex in
ts native chromatin form. About 500,000 copies of
inichromosome are produced in an infected cell late in
nfection, equaling the mass of the host cell chromatin.
owever, only about 1–5% of the total bulk minichromo-
omes are viral transcription complexes (VTC) at this late
tage of infection (Llopis et al., 1981; Eadara and Lutter,
1993). Nevertheless, it is possible to distinguish the VTC
DNA from that of the transcriptionally inactive bulk DNA
(see below) and this approach has revealed a number of
significant features about transcription complex struc-
ture. For example, topological characteristics of the VTC
DNA indicate that its chromatin structure is nearly iden-
tical to that of the well-characterized bulk chromatin
(Drabik et al., 1997), but a feature that distinguishes the
VTC from the bulk is the presence of a nucleosome-free
region encompassing the replication and transcription
regulatory sequences (Eadara et al., 1996; Hadlock and
Lutter, 1990; Eadara and Lutter, 1996; Choder et al., 1984).
These latter studies probed for blockage of sequences
using restriction enzyme digestion of bulk minichromo-
somes and VTC. Briefly, the method involves incubation
of nuclear extract from infected cells with a relatively
high amount of a restriction enzyme that cleaves once in
the SV40 genome. Heparin is then added to stop the
digestion and strip the minichromosomes of all proteins,
including histones, except for the elongating RNA poly-
merase II that was initiated on the VTC in vivo. Thus the
TC DNA remains assembled in a ternary complex,
hich is then selectively labeled with radioactivity by
un-on transcription in vitro. Finally, the sample is frac-
ionated by electrophoresis in an agarose gel to separate
he nicked, linear, and supercoiled forms of the bulk and
ernary complex forms of the DNA, respectively. An
thidium bromide-stained fluorescence image revealsthe DNA forms of the bulk minichromosome, while an
autoradiograph or phosphorimage of the dried gel re-
veals the DNA forms of the VTC via the radioactivity of
the nascent RNA chain still attached to the ternary com-
plex. If no protein is present at the recognition site of the
restriction enzyme in each respective complex, then that
site will be cleaved by the restriction enzyme. This will be
revealed by linearization of the DNA of the respective
complex. For a stably bound protein complex such as the
nucleosome, the fraction occupancy is quantified as the
band intensities of the uncleaved DNA (supercoiled and
nicked) divided by those of the total DNA (supercoiled
plus nicked plus linear).
This approach has proven to be effective for detecting
and quantifying the presence of complexes bound with
relatively high stability, such as nucleosomes (van Holde,
1989; Polach and Widom, 1995; Eadara et al., 1996). As
described above, this approach was used to demon-
strate that the region containing the replication origin as
well as the transcriptional regulatory sequences in SV40
is devoid of nucleosomes in the SV40 transcription com-
plex but not in the transcriptionally inactive bulk
minichromosome population (Eadara et al., 1996; Had-
lock and Lutter, 1990; Eadara and Lutter, 1996; Choder et
al., 1984). In the current work we have further developed
a modification (Eadara and Lutter, 1996; Eadara et al.,
1996; Hadlock and Lutter, 1990) of this restriction en-
zyme-based footprinting approach to increase its sensi-
tivity to bound protein. The need for this modification
derives from the observation that the presence of a
protein complex does not necessarily block digestion of
the DNA to which that protein is bound. For example,
DNA bound in a nucleosome is still readily digested by
DNase I (Lutter, 1978). Moreover, if sufficient time and
activity are employed, even restriction enzymes can di-
gest nucleosomal DNA (Polach and Widom, 1995), and
they would be expected to digest a complex containing a
less stably bound protein, such as a transcription factor,
even more readily. An additional technical problem with
restriction enzyme digestion is that the unit of activity is
defined with respect to a limit digest of bare DNA, so the
same number of units of different preparations will in-
variably represent different actual activities. This results
in the risk of using too high an enzyme concentration and
quantitatively cleaving a site that is nevertheless occu-
pied. To address these concerns, the modified procedure
in the current work employs kinetic analysis of the re-
striction digestion with the inclusion of positive and neg-
ative occupancy controls in the incubation. In the case
where equilibrium or steric properties of a bound factor
result in the restriction enzyme still being able to digest
the site, kinetic analysis can nevertheless permit detec-
tion of the presence of the factor.
We use this kinetic analysis to address the question of
template commitment in the SV40 late transcription com-
plex. TFIID binds to the TATA box in eukaryotic promoters
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121TATA OCCUPANCY IN THE SV40 TRANSCRIPTION COMPLEXvia its TBP subunit, and this complex has been proposed
to remain intact following promoter clearance to commit
a template to multiple rounds of transcription (Van Dyke
et al., 1989, 1988; Zawel et al., 1995). While the SV40 late
promoter has been proposed to be a “TATA-less” pro-
moter due to its lack of a strong consensus TATA site, the
KpnI/Acc65I recognition site (nt294) comprises a TATA-
like sequence. TBP does bind to this site, albeit with a
reduced affinity relative to a consensus TATA sequence,
and this binding serves as the basis of the proposal that
this is the TATA site for the late promoter (Wiley et al.,
1992). This finding, coupled with the proposal that TFIID
serves as the template commitment factor, predicts that
KpnI/Acc65I site in the VTC should be occupied. We have
tested this prediction by using kinetic analysis of restric-
tion enzyme digestion of both wild-type VTC as well as
that of a mutant in which the TATA-like site is converted
to a TATA consensus sequence.
There are several advantages of the VTC system that
are particularly well suited to studying the question of
template commitment. First, complexes are isolated from
primate cells, allowing proposals derived from yeast or
insect systems to be tested for their validity in a mam-
malian system. Second, the transcription complex is as-
sembled in vivo via the natural replication-based pro-
cess. This avoids artifacts deriving from nonnative chro-
matin structure generated with nonreplicated plasmids
in transient transfection systems (Smith and Hager,
1997). Third, this in vivo assembled state of the complex
allows proposals from the large number of in vitro recon-
stitution studies to be tested for validity in a native
mammalian chromatin system. Finally, the complexes
analyzed were in a very specific stage of transcription
inside the cell: the RNA polymerase II in each of them
has cleared the promoter and is in the process of elon-
gation (Eadara and Lutter, 1993). This high level of func-
tional definition distinguishes this system from in vivo
studies in which the gene is an uncertain average of the
various stages of transcription, including some copies
that are perhaps not even being transcribed at the time
of analysis. A discrete and homogeneous state of the
complex is of particular importance to the question of
template commitment studied here.
TATA site occupancy in an SV40 consensus TATA site
mutant
Site-directed mutagenesis was used to convert the
weak TATA box at the Acc65I site in wild-type SV40 to a
consensus TATA box that would be expected to exhibit
increased affinity for TFIID. In addition, a single base
mutation outside of the TATA sequence was introduced
to create a new single-cut restriction enzyme site
(Bsu36I) to allow occupancy to be measured. The result-
ant mutant virus is termed vOS36. Wild-type and mutantsequences are shown in Fig. 1, as well as a map illus-
trating their location in the complete virus sequence.
Nuclear extract was prepared 2 days after infection of
cells by vOS36. A kinetic analysis of Bsu36I digestion
was then performed on the extract to determine block-
age of that site. A control representing an unbound site
was included by adding to the nuclear extract a 2.7-kb
fragment of bare mutant viral DNA. A second control
representing a TBP-occupied TATA site was generated
by end-labeling a 145-bp fragment that contains the con-
sensus TATA and Bsu36I sites. The fragment was prein-
ubated with and without purified TBP, and each was
dded to a nuclear extract sample along with the 2.7-kb
ragment just prior to addition of Bsu36I. Aliquots were
emoved following incubation for the indicated times and
he digestion was terminated by addition of heparin, at
hich point each was divided into two portions. One
ortion was analyzed directly by polyacrylamide gel elec-
rophoresis followed by autoradiography to quantify
leavage of the end-labeled 145-bp fragment. The other
ortion was incubated in an in vitro run-on transcription
reaction to label the VTC, followed by fractionation by
FIG. 1. Mutation of the TATA-like sequence in the SV40 late promoter
to a consensus TATA sequence. Top: A map of the SV40 genome with
the locations and nucleotide numbers of the Acc65I site, the origin of
replication (ORI), and the major start site for late transcription (MLS).
Bottom: The sequence at the Acc65I site for wild-type SV40 (WT).
Beneath that is the sequence in the same region of the mutant vOS36,
with the bases changed shown in bold italics. Indicated as well are the
consensus TATA box and the adjacent unique Bsu36I site created by
these base changes.agarose gel electrophoresis. The extent of the cleavage
of both the bulk minichromosomal DNA and the 2.7-kb
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122 KULAEVA AND LUTTERbare DNA control was determined from the image of the
ethidium-stained gel, while the extent of cleavage of the
VTC was determined from the phosphorimage of the
dried gel.
The results of such an experiment are shown in Fig. 2.
Figure 2A shows the ethidium bromide-stained agarose
FIG. 2. Time course of Bsu36I digestion of vOS36 minichromosomes
in nuclear extract. (A) The ethidium bromide-stained agarose gel upon
which were fractionated samples from a Bsu36I digestion of nuclear
extract from vOS36-infected cells (see Materials and Methods). The
time of digestion in minutes is shown at the top. Lanes on the left half
of the gel (1TBP) contain samples from a digest of nuclear extract to
which was added a 145-bp positive control fragment that had been
preincubated with TBP. Samples in lanes on the right half of the gel
contained an added 145-bp fragment that was preincubated in the
absence of TBP (see text). The bracket at the right labeled Bulk
indicates the different forms of the DNA from the bulk minichromo-
some. To the left of these is indicated the mobilities of nicked (N), linear
(L), and supercoiled (S) DNA. The bracket at the right labeled Bare
indicates the DNA fragments from the bare plasmid DNA added as an
unoccupied control (see text). At left is indicated the mobilities of the
2.7-kb uncleaved DNA (U) as well as its cleavage product (C). Between
them is a plasmid fragment that does not contain the Bsu36I site. (B)
The autoradiograph of the upper part of the dried gel in (A), revealing
the mobilities of the nicked (N), linear (L), and supercoiled (S) forms of
the VTC ternary complex. The radioactive bands in this autoradiograph
represent a ternary complex containing transcription complex DNA,
bound RNA polymerase II, and nascent RNA labeled by in vitro run-on
transcription. (C) An autoradiograph of a 6% polyacrylamide gel to
which was applied a portion of each sample separated on the agarose
gel. This gel reveals cleavage of the end-labeled 145-bp fragment that
was added to the nuclear extract prior to digestion (see above and text).
When preincubated with TBP (labeled 1TBP at top of the figure), this
fragment serves as a positive control illustrating the digestion behavior
of a site occupied by TBP. When preincubated in the absence of TBP
(labeled 2TBP at the top of the figure), this fragment serves as a
negative control illustrating the digestion behavior of the unoccupied
site. On the left are indicated the mobilities of the uncleaved 145-bp
DNA (U) as well as its cleavage product (C).gel. The lower set of bands represents the bare DNA
added as a control to indicate the rate of cleavage of an
o
tunoccupied Bsu36I site. The band marked U is the 2.7-kb
uncleaved fragment that contains the Bsu36I site, while
the band marked C is its cleavage product. It can be
seen that the site on bare DNA is digested to greater
than 95% after just 3 min of incubation. This contrasts
with the digestion of the bulk minichromosome DNA,
represented in the upper part of the gel by bands of the
nicked, linear, and supercoiled forms. Only a minor frac-
tion of the minichromosomal DNA has been converted to
the linear form even by the 10-min time point. This limited
partial digest is similar to findings in numerous other
studies (e.g., Eadara et al., 1996; Eadara and Lutter, 1996;
adlock and Lutter, 1990) and is consistent with block-
ge due to nucleosomes positioned randomly over the
rigin region of the bulk minichromosome population.
The phosphorimage of the same gel in Fig. 2B shows
he cleavage of the VTC in the same incubation, as
evealed by linearization of the ternary complex. Here it
an be seen that the Bsu36I site in the VTC is cleaved at
rate between those of the bulk minichromosome and
he bare DNAs. Finally, the phosphorimage of the poly-
crylamide gel in Fig. 2C reveals the effect of TBP occu-
ancy of the TATA site on the rate of Bsu36I cleavage in
he same reaction. Here it can be seen that the presence
f TBP slows cleavage but does not prevent it.
The rates of digestion of the Bsu36I site in each of the
arious complexes were quantified by measuring the
ntensity of each of the bands in Fig. 2 and by calculating
he fraction of the total for each complex that remains
ncleaved at each time. These results are plotted in Fig.
. Several conclusions can be drawn from this quantita-
ive representation of the results. First, the results with
he 145-bp fragment reveal that the presence of TBP on
he TATA site slows the digestion by Bsu36I. This dem-
nstrates explicitly that Bsu36I digestion can be used to
etect occupancy of the TATA site by TBP. Moreover, in
ddition to providing a verification of the ability of Bsu36I
o detect the presence of TBP, the reduced rate of diges-
ion distinguishes TBP blockage from blockage by other
roteins. For example, blockage by the nucleosome,
ven if randomly located, would result in decidedly
lower digestion (Fig. 3, square symbols; see also, e.g.,
an Holde, 1989; Polach and Widom, 1995; Eadara et al.,
996). Virtually complete blockage would also be ex-
ected if RNA polymerase II were bound over the site
Samkurashvili and Luse, 1996). In contrast, rather than
lowing digestion as observed here by TBP, some pro-
eins accelerate digestion by a nuclease probe, as oc-
urs in induction of hypersensitivity to DNase I digestion
or some sites when catabolite gene activator protein or
ac repressor bind (see, e.g., Fig. 3 in Brenowitz et al.,
993). Thus while the slowed Bsu36I digestion does not
efinitively identify the occupying agent, it nevertheless
an provisionally identify the protein as TBP rather than
ther candidate proteins that are known to exhibit con-
rasting digestion kinetics.
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123TATA OCCUPANCY IN THE SV40 TRANSCRIPTION COMPLEXA second conclusion that can be drawn from Fig. 3 is
that the VTC is digested to a higher extent than the bulk
minichromosome at all times. This result is in qualitative
agreement with previous findings (Hadlock and Lutter,
1990; Eadara et al., 1996; Eadara and Lutter, 1996;
Choder et al., 1984), which indicate that the bulk popu-
lation contains nucleosomes randomly positioned over
the origin region, while the origin region of the VTC is
nucleosome free. However, the digestion of the VTC
proceeds at a rate significantly slower than that of the
bare DNA controls, both the 2.7-kb fragment and the
145-bp end-labeled fragment preincubated in the ab-
sence of TBP. This indicates that the site in the VTC is not
bare but blocked by a protein. The similarity between the
rates of digestion of the VTC and the TBP-occupied
145-bp fragment provisionally identifies the blocking pro-
tein as TBP.
A significant aspect of the results in Figs. 2 and 3 is
that TBP bound to its site in the 145-bp fragment does not
prevent digestion by Bsu36I but only slows it. Thus these
results demonstrate that the detection of bound TBP
FIG. 3. Bsu36I digestion kinetics. The intensities of the bands in each
ample in the gels in Fig. 2 were quantified and used to calculate the
ercentage of each DNA remaining uncut at each time point. These
alues are plotted versus time in units of half-time of digestion of the
.7-kb bare fragment. The use of these time units normalizes the data
o the cleavage of a bare site and thus allows comparison of data from
ifferent experiments and with different enzymes (see text). Shown are
ata for bulk minichromosome (filled squares), VTC ternary complex
filled circles), 2.7-kb bare DNA (filled triangles), 145-bp fragment pre-
ncubated with TBP (filled inverted triangles), and 145-bp fragment
reincubated without TBP (open inverted triangles). The dashed line
epresents the results of the regression analysis of the bare 2.7-kb
NA cleavage data; the half-time of digestion of the bare site was
etermined from this analysis (see Materials and Methods).requires a kinetic analysis and that a small number of
time points in the absence of positive and negativecontrols could lead to the erroneous conclusion that an
occupied site is bare.
Kinetic analysis of Acc65I digestion of wild-type SV40
Having demonstrated that kinetic analysis was neces-
sary to detect TBP occupancy on a consensus TATA
sequence, we performed a similar analysis with wild-
type virus. Acc65I digestion of wild-type SV40 in nuclear
extract was analyzed using the experimental design em-
ployed for the vOS36 mutant above. The results are
shown in Figs. 4 and 5 and are generally similar to those
observed for Bsu36I digestion of vOS36 nuclear extract.
The 145-bp fragment is digested more slowly by Acc65I
when TBP is bound, demonstrating that Acc65I can de-
tect the presence of TBP. Moreover, the effect of bound
TBP on digestion by Acc65I is to slow its cleavage rate,
but not block it completely. One difference between the
digestion characteristics of the two enzymes is apparent
in a comparison of the rates of digestion of the bare
2.7-kb and 145-bp fragments. Acc65I digests the smaller
fragment at a significantly slower rate, an effect that has
been observed previously (von Hippel and Berg, 1989)
and is the consequence the process of one-dimensional
diffusion by which a restriction enzyme locates its bind-
ing site in DNA. This effect was much less for Bsu36I
(three digestions, including that in Fig. 3), which is likely
due to differences in magnitude of this effect for different
restriction enzymes. Nevertheless, the rate of digestion
of the VTC was still significantly slower than that of even
the bare 145-bp fragment. However, preincubation of the
FIG. 4. Time course of Acc65I digestion of wild-type SV40 minichro-
mosomes in nuclear extract. An experiment such as that in Fig. 2 was
performed only with wild-type SV40 virus being substituted for the
vOS36 mutant. Thus the experimental procedure is the same as that
used in Fig. 2, except Acc65I was used to digest nuclear extract from
cells infected with wild-type SV40 virus, and added control DNAs also
contained wild-type sequence.
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124 KULAEVA AND LUTTER145-bp fragment with TBP slowed digestion substantially,
although again, as with Bsu36I, digestion was not com-
pletely blocked. Overall, these results indicate that the
TATA-like site at the Acc65I recognition sequence in
the wild-type VTC is not vacant but rather occupied, and
the similarity in digestion rates indicate that it is occu-
pied by TBP.
DISCUSSION
We have employed a kinetic analysis of restriction
enzyme digestion to investigate occupancy at the TBP
binding site in native transcription elongation complexes
of both wild-type and TATA-consensus SV40 viruses. To
enhance the likelihood of detecting binding at the site by
TBP/TFIID, we first constructed a mutant strain contain-
ing a consensus TATA site that would be expected to
stably bind TBP/TFIID and then used this to develop an
assay system to detect site occupancy. The resultant
kinetic assay includes a positive control consisting of
purified TBP bound to its site in a separate fragment. The
primary purpose of this positive control is to explicitly
FIG. 5. Acc65I digestion kinetics. The intensities of bands in Fig. 4
were processed in a manner similar to that used for Fig. 3. The data for
the sample in which the 145-bp fragment was preincubated in the
absence of TBP are as follows: bulk minichromosome (open squares),
2.7-kb bare DNA (open triangles), and 145-bp fragment (open inverted
triangles). The data for the sample in which the 145-bp fragment was
preincubated in the presence of TBP are as follows: VTC (filled circles),
2.7-kb bare DNA (filled triangles), and 145-bp fragment (filled inverted
triangles). In this experiment the 1TBP and 2TBP samples digested at
different rates, so the data are plotted separately. There was no sig-
nificant difference between the normalized data for the bulk minichro-
mosome and VTC for 1TBP and 2TBP, so for clarity only one set was
lotted.demonstrate the ability of the restriction enzyme to de-
tect the presence of bound TBP. This purpose is fulfilled,as revealed by the reduction in digestion rate of the
positive control fragment when preincubated with TBP
(Figs. 2 and 3). When we applied this assay to wild-type
SV40, the results indicated that it too is occupied, and a
comparison of digestion kinetics suggests that TBP/
TFIID is the factor bound at the TATA-like Acc65I site
(Figs. 4 and 5).
This result is in accord with the observation of Wiley et
l. (1992) that the nonconsensus, TATA-like sequence at
he Acc65I site is nevertheless capable of binding TBP,
lbeit weakly, when tested in an in vitro competition
assay. Our findings assign functional significance to
these observations by demonstrating that the site is in
fact occupied in a native complex that was in the process
of transcription elongation in the cell. This in turn sup-
ports and extends to the in vivo case the proposal de-
rived from in vitro biochemical studies (Hertz and Mertz,
1988; Van Dyke et al., 1989, 1988) that TBP/TFIID remains
with the template following promoter clearance in mam-
malian cells. Its presence on the template is thought to
nucleate assembly of the next preinitiation complex,
casting it in the role of a template commitment factor
(Zawel et al., 1995).
While this study indicates that TBP/TFIID is present on
the late elongation complex, our prior study (Eadara and
Lutter, 1996) indicates that at least one other factor is
present. Thus at least a fraction of the VTC population
also contains a factor bound at the PvuII site (nt270)
(Eadara and Lutter, 1996). Analysis of complexes with
purified protein indicates that the protein bound at this
site is the TEF-1, a factor that has been implicated in
activation of transcription from the SV40 late promoter
(Gruda et al., 1993; Gruda and Alwine, 1991; Casaz et al.,
1991). Although the PvuII and Acc65I sites are separated
by only 24 bp, the digestion data indicate that the re-
spective blockages are due to two different factors. The
PvuII digestion is decidedly biphasic: it proceeds at a
rate approximating that of bare DNA initially, but then
achieves a definite plateau. By contrast, the Acc65I di-
gestion is more continuous. However, it is distinctly
slower than the digestion of bare DNA throughout the
digestion. Together these results indicate there are two
types of late transcription elongation complexes, one
with TEF-1 and TBP/TFIID together and another with
TBP/TFIID without TEF-1. As pointed out previously (Ea-
dara and Lutter, 1996, and references therein), this het-
erogeneity may reflect the apparent complexity of the
late promoter implied by the many studies that have
attempted to identify its essential sequence components.
The fraction of complexes lacking TEF-1 may well still
contain activator(s) at another site, and recent results
(O. I. Kulaeva and L. C. Lutter, unpublished observations)
indeed indicate that sites for other transcriptional acti-
vators are occupied in the complex.These findings, indicating that both TFIID and the
activator TEF-1 remain on the template following pro-
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125TATA OCCUPANCY IN THE SV40 TRANSCRIPTION COMPLEXmoter clearance, are consistent with the proposal de-
rived from in vivo studies (Ho et al., 1996) that a stable
complex of activator and TFIID serves as a committed
template for repeated initiations in activated transcrip-
tion. Our characterization of a native complex that is
specifically in the elongation stage complements and
extends the interpretation of the in vivo results by pro-
viding additional transcription-stage-specific functional
definition. Strictly speaking, our results cannot be said to
contradict the proposal derived from yeast studies that
TBP is brought to the template along with RNA polymer-
ase II (Kuras and Struhl, 1999), since our results indicate
that polymerase and TFIID are indeed both present on
the template even though the polymerase has cleared
the promoter. We can say that if TFIID does eventually
disassemble from the template, disassembly does not
occur while polymerase is still elongating. However,
since highly activated genes typically contain multiple
transcribing polymerases (Hahn, 1998), it follows that the
template upon which polymerases reinitiate most likely
contains previously bound TFIID. Thus we would con-
clude that our results support a model for activated
transcription that occurs on a template which has both
activator and TFIID stably bound in a complex.
MATERIALS AND METHODS
Cells and viruses
BS-C-1 cells were used in all experiments. Cells were
infected with SV40 virus as described previously (Had-
lock et al., 1987). Site-directed mutagenesis (Blouse et
al., 2000) was used to convert the sequence at the
Acc65I site at nt294 in wild-type SV40 virus to a consen-
sus TATA site as well as to introduce a unique Bsu36I
recognition sequence adjacent to that site. Thus plasmid
pSV11a [full-length wild-type strain 776 SV40 DNA cloned
into pGEM-11Zf(1) at the ApaI site; this clone was con-
structed and kindly provided by LuAnn Judis] was mu-
tagenized to the sequence shown in Fig. 1 to give plas-
mid pOS36. Mutant viral DNA was excised by ApaI di-
gestion and circularized by ligation. Mutant virus, termed
vOS36, was generated by lipofection of the circularized
mutant viral DNA into BS-C-1 cells.
Restriction enzyme analysis of nuclear extracts
To serve as a positive occupancy control, a complex
was prepared using purified TBP and an end-labeled
fragment containing its binding site. The binding reaction
mixture (10 mL) contained 21 fmol of the 145-bp SphI–
BsrFI DNA fragment (from either pSV11a or pOS36) la-
beled with 32P (4 3 103 DPM) at its 59 end (Lutter, 1978)
nd 20 ng yeast TBP (kindly provided by Dr. James
eiger) in TBP-binding buffer (10% glycerol, 20 mM Tris–
Cl, pH 8.0, 80 mM KCl, 10 mM MgCl2, 1 mM DTT) (Ryder
t al., 1986). The sample was incubated for 30 min at
p
toom temperature. This positive control was added to a
estriction enzyme digestion reaction along with isoton-
cally prepared (Eadara and Lutter, 1996; Hadlock et al.,
987; Petryniak and Lutter, 1987) nuclear extract (5–20
mL) from cells infected with wild-type SV40 or vOS36
virus, bare DNA fragments from a BstXI, ApaI, and NciI
digest of pSV11a or pOS36 plasmid (20 ng, to serve as a
vacant site control), and 0.5 U of restriction enzyme in
digestion buffer (50 mM NaCl, 10 mM MgCl2, 1 mM DTT,
0 mM Tris–HCl, pH 7.9; 130 mL total volume). Following
incubation at 25°C, 22-mL samples were removed at the
indicated times and made 1 mg/mL in heparin. The
heparin removes all proteins from DNA except for elon-
gating RNA polymerase II (Eadara and Lutter, 1993;
Drabik et al., 1997).
To measure the extent of cleavage of the end-labeled
145-bp positive control fragment, one half of each sam-
ple was fractionated by electrophoresis in a 6% poly-
acrylamide gel (final concentration of the running buffer:
0.53 TBE, 4 mM MgCl2, 0.02% NP-40), after which the gel
was dried and a phosphorimage recorded (Bio-Rad Mo-
lecular Imager System GS-525). Band intensities of the
cleaved and uncleaved fragments were quantified using
software from Molecular Analyst (Bio-Rad), SigmaPlot
(SPSS), SigmaGel (SPSS), and SigmaScan (SPSS). The
fraction of uncleaved 145-bp DNA was determined by
dividing the net intensity of the uncleaved DNA band by
the sum of the net intensities of the cleaved DNA band
and the uncleaved DNA band.
To measure the extent of cleavage of the bulk
minichromosome DNA, VTC DNA, and bare DNA control,
the other half of each digestion time-point sample was
analyzed by performing an in vitro run-on transcription
reaction followed by electrophoretic fractionation in a
0.7% agarose gel (Hadlock and Lutter, 1990; Eadara and
Lutter, 1993, 1996; Lutter et al., 1992; Eadara et al., 1996).
he gel was stained with ethidium bromide and the
luorescence image, showing the bands of the bulk
inichromosomal DNA and the bare unoccupied control
NA, was recorded with a CCD system (UVP GDS-7500).
he fraction of uncleaved viral DNA in the bulk minichro-
osome was determined by dividing the sum of the net
ntensities of the nicked and supercoiled bands by the
um of the net intensities of the bands of the linear,
icked, and supercoiled DNAs. The percentage of un-
leaved bare 2.7-kb DNA (the fragment that contains the
estriction site) was determined by dividing the net in-
ensity of the uncleaved DNA band by the sum of the net
ntensities of the cleaved DNA band (corrected for mo-
ecular weight) and the uncleaved DNA band. After the
luorescence image was recorded, the agarose gel was
ashed with 5% sodium phosphate for several hours to
emove unincorporated radioactive nucleotide, after
hich it was dried and a phosphorimage recorded. The
hosphorimage reveals the bands of the ternary complex
hat was derived from the VTC. The intensities of these
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126 KULAEVA AND LUTTERbands were measured and the fraction of uncleaved VTC
was determined by dividing the sum of the net intensities
of the nicked and supercoiled bands by the sum of the
net intensities of the bands of the linear, nicked, and
supercoiled DNAs. We have observed that the sum of the
band intensities of the nicked, linear, and supercoiled
forms of the ternary complex remains approximately con-
stant with increased linearization, indicating that there is
not a significant difference in the rate of elongation on
the three forms of complex.
An important part of the data processing involved the
normalization of the data to the rate of digestion of the
2.7-kb bare DNA fragment added to each digestion re-
action. The significant advantage of this is that it allows
direct comparison of results from experiments employing
different extract preparations, different restriction en-
zymes, and different enzyme activity levels. The normal-
ization involved performing a regression analysis of the
ln(fraction uncut) vs time for the cleavage data of the
2.7-kb bare DNA. These digest data for the bare DNA
showed simple single exponential decays. The analysis
determined a half-time value of the digestion of a bare
site, which in turn allowed all of the data to be expressed
in half-time units of digestion of the bare 2.7-kb DNA.
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